Primordial germ cells (PGCs) are the foundation of totipotency and vital for reproduction and heredity. PGCs in mice arise from the epiblast around Embryonic Day (E) 7.0, migrate through the hindgut endoderm, and colonize and proliferate in the embryonic gonads until around E13.5 prior to their differentiation either into prospermatogonia or oogonia. PRDM1, a transcriptional repressor, plays an essential role in PGC specification that includes robustly repressing a somatic mesodermal program. Using an inducible conditional knockout system, we show here that PRDM1 is critically required throughout PGC development. When Prdm1 was deleted in migrating PGCs at E9.5 or E10.5, or in male gonadal PGCs at E11.5, PGCs were eliminated by apoptosis from around E10.5, E11.5, or E13.5, respectively. When Prdm1 was deleted in female gonadal PGCs at E11.5, PGCs progressed into the first meiotic prophase in an apparently normal fashion, but the oogonia exhibited an aberrant pachytene phenotype, undergoing abrupt apoptosis from around E16.5. The escape of a fraction of PGCs (;10%) from the Prdm1 deletion was sufficient to recover fairly normal germ cell pools, both in male and female adults. The key targets of PRDM1 in migrating and/or gonadal PGCs, including genes for development, apoptosis, and prospermatogonial differentiation, showed only a modest overlap with those upon PGC specification, and were enriched with histone H3 lysine 27 trimethylation (H3K27me3). Our findings provide critical insight into the mechanism for maintaining the transcriptional integrity of PGCs.
INTRODUCTION
Primordial germ cells (PGCs) are the founding population of the germ cell lineage and differentiate either into the spermatozoa or the oocytes; they are thus essential for reproduction and heredity. In mice, PGCs arise from the epiblast in response to signaling molecules, including bone morphogenetic protein 4 (BMP4) and WNT3, at around Embryonic Day (E) 7.0 in the extraembryonic mesoderm [1] [2] [3] [4] . PGCs then initiate migration, pass through the developing hindgut endoderm, migrate out in the mesentery, and, from around E10.5, colonize the embryonic gonads, where they continue proliferation until around E13.5, both in males and females [5, 6] . From around E13.5, in male gonads, PGCs enter into mitotic arrest to initiate differentiation as prospermatogonia [7, 8] , whereas, in female gonads, PGCs progress into the prophase of meiosis to differentiate as oogonia [7, 9] (Fig. 1A) . It is important to note that, upon specification, PGCs initiate a program for epigenetic reprogramming, and, during their migration and proliferation period, undergo reduction of histone H3 lysine 9 dimethylation (H3K9me2), elevation of H3K27 trimethylation (H3K27me3), and genome-wide DNA demethylation, leading, prior to their sex differentiation, to the loss of imprints and X reactivation in females [10, 11] .
The mechanism for PGC specification in mice has been studied extensively [6] . As a result, it is known that BMP4 and WNT3 signaling act in concert to activate the expression of Prdm1 (also known as Blimp1), Prdm14, and Tfap2c (also known as Ap2c), which encode three transcription factors (TFs) that are necessary and sufficient for PGC specification from the epiblast: the three TFs act in a cooperative fashion for the repression of a somatic mesodermal program, the reacquisition of a TF network for potential pluripotency, and the initiation of the epigenetic reprogramming [2, 4, [12] [13] [14] [15] [16] [17] . In particular, in Prdm1 knockout (KO) embryos, cells destined for the PGC fate fail to repress a somatic program, resulting in the acquisition of characteristics highly similar to those of extraembryonic mesodermal cells [18] . More recently, it has been shown that T (also known as Brachyury), a T-box containing TF and a key target of WNT3 signaling, directly up-regulates Prdm1 and Prdm14, and is essential for PGC specification [19] . Thus, a framework for the signaling and transcription principles for PGC specification has now been well established. In contrast, the mechanism for, and, in particular, the TFs that play critical roles in, the survival, proliferation, and development of PGCs after their specification have been relatively poorly understood. For example, the three TFs, PRDM1, PRDM14, and TFAP2C, continue to be expressed in migrating, as well as gonadal, PGCs, but their roles in PGCs after specification have been unknown [14, 15, 20, 21] . This is partly because there has been no appropriate mouse line that expresses the Cre recombinase efficiently and in a controllable fashion in PGCs.
We previously reported the generation of mouse lines that express Cre recombinase flanked by the ligand-binding domains of murine estrogen receptor (MER) with the PEST sequence (a peptide sequence rich in proline [P] , glutamic acid [E] , serine [S] , and threonine [T] ) at its C terminus under the control of the regulatory elements of the Dppa3 gene (the Dppa3-MCMP [MER-Cre-MER-PEST] transgenic lines), allowing 4-hydroxytamoxifen (4-OHT)-dependent activation of Cre recombinase in PGCs, oocytes, and early embryos [22] . Using this line, we here explored the function of Prdm1 in migrating, as well as gonadal, PGCs.
MATERIALS AND METHODS

Mice
All the animal experiments were performed under the ethical guidelines of Kyoto University. The Prdm1 flox/flox mice and the Rosa26 ; Rosa26 neo-EYFP/þ embryos for the control experiments. Noon on the day when the vaginal plug was found was designated as days postcoitum (dpc) or E0.5.
The 4-OHT (product no. H6278; Sigma) was dissolved in sunflower oil (product no. S5007; Sigma) at 5 mg/ml by sonication for 15 min, and was stored at 48C until use with protection from light. To induce Cre-loxP recombination, pregnant female mice were injected intraperitoneally with 3 mg 4-OHT per 25 g body weight at 9.5, 10.5, 11.5, or 13.5 dpc. The mice were killed at the designated stages by cervical dislocation, and the embryos were isolated in PBS.
Isolation of Embryonic Gonads and Immunofluorescence Analysis
The embryos were dissected in chilled Dulbecco modified Eagle medium (product no. 10313-021; Gibco) containing 10% fetal bovine serum, 2 mM of Glutamax (product no. 35050-061; Gibco), and 100 U/ml of penicillinstreptomycin (product no. 15140-122; Gibco), and the fetal gonads were isolated carefully using forceps and washed with PBS. To discriminate the transgenic embryos that underwent the Cre recombination, the gonads were inspected for EYFP fluorescence under a fluorescence dissection microscope (M205C; Leica).
The gonads were then fixed for 1-3 h at 48C in 2% paraformaldehyde (PFA) in PBS, permeabilized with PBS containing 0.2% Tween20 (PBST) three times, and allowed to settle in PBS containing 30% sucrose overnight at 48C. They were then embedded in OCT compound (Sakura Finetek), frozen at À1508C, and cryosectioned at a thickness of 10 lm. The sections were put on a slide glass and dried completely, and washed with PBS three times. They were blocked with 10% normal goat serum (NGS; product no. S-1000; Vector Laboratories) in PBST (10% NGS-PBST) for 30 min, and were incubated with primary antibodies in 5% NGS-PBST for 2 h at room temperature. The sections were washed three times with PBS and incubated with secondary antibodies in 5% NGS-PBST for 1 h at room temperature in darkness. They were then washed three times with PBS containing 1 lg/ml of 4 0 ,6-diamidino-2-phenylindole (DAPI), mounted in VECTASHIELD (Vector Laboratories) with DAPI, and observed on a confocal laser microscope (product no. FV1000; Olympus).
To quantify the numbers of cells positive for an antigen/fluorescent protein of interest per section, the entire gonads were serially sectioned, and each section (10-lm thickness) was collected and mounted on one of five slides consecutively, so that one slide mounts sections of a gonad separated by 50 lm from each other. The numbers of cells of interest in all the sections on one slide were counted by confocal microscopic analysis, and the average numbers of cells per section were calculated. Statistical analyses were performed with Excel (Microsoft).
The primary antibodies used were as follows: chicken anti-GFP (1:500; product no. ab13970; Abcam), rabbit anti-Asp175 cleaved Caspase-3 (1:400; product no. 9661L; CST), rabbit anti-Ser15 phospho p53 (1:500; product no. 9284; CST), mouse anti-DDX4 (1:250; product no. ab27591; Abcam), rat anti-PRDM1 (1:100; product no. sc-47732; Santa Cruz), and mouse anti-Ki-67 (1:100; product no. M7248; Dako). The secondary antibodies used were as follows: Alexa Fluor 488 goat anti-chicken IgY (1:500; product no. A11039; Invitrogen), Alexa Fluor 568 goat anti-rabbit IgG (1:500; product no. A11011; Invitrogen), Alexa Fluor 568 goat anti-rat IgG (1:500; product no. A11077; Invitrogen), and Alexa Fluor 633 goat anti-mouse IgG (1:500; product no. A21052; Invitrogen).
Spread Analysis of Meiotic Chromosomes in Oogonia
Fetal ovaries between E16.5 and E18.5 were isolated carefully in PBS. The ovaries were treated with a hypotonic extraction solution (30 mM Tris, 50 mM sucrose, 17 mM trisodium citrate, 5 mM ethylenediaminetetraacetic acid (EDTA), 2.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride; pH 8.2-8.4) at 378C for 30 min. The ovaries from an individual mouse were dissociated using needles in 100 mM of sucrose to suspend oocytes. The cell suspension was dispersed onto slide glasses to make cell spreads in 2% of PFA-0.2% Triton X-100, and the slides were incubated overnight at room temperature in a humid chamber. The slides were then air dried and washed with 0.5% DRIWEL (product no. 009517; Fuji Film) for 2 min.
Next, the slides were washed three times with PBS and blocked with a blocking solution (10% normal donkey serum [product no. 017-000-121; Jackson Laboratories], 3% bovine serum albumin [product no. 01860-94; Nacalai Tesque], 0.2% in PBST) for 30 min at room temperature. They were incubated with primary antibodies in an antibody dilution buffer (the blocking solution diluted by an equal volume of PBS) overnight at 378C. After washing 
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three times with the antibody dilution buffer, the slides were incubated with secondary antibodies in the antibody dilution buffer for 1 h at room temperature. They were then washed three times with 1 lg/ml DAPI-PBS, and mounted in VECTASHIELD with DAPI. The quantitative data were analyzed using statistical tools included in Excel.
The primary antibodies used were goat anti-SCP3 (1:250; product no. sc-20845; Santa Cruz) and mouse anti-cH2AX (1:1000; product no. 05-636; Millipore). The secondary antibodies used were Alexa Fluor 488 donkey antigoat IgG (1:500; product no. A11055; Invitrogen) and Alexa Fluor 568 donkey anti-mouse IgG (1:500; product no. A10037; Invitrogen).
Histology
The offspring exposed to 4-OHT in utero at E9.5 or E11.5 were sacrificed at 4 wk of age for females or at 6 or 20 wk of age for males, and the ovaries or testes were isolated in PBS. They were fixed in Bouin solution overnight at room temperature, washed three times with PBS, dehydrated successively in 50%, 70%, 80%, 90%, 95%, and 100% ethanol, and treated with methyl benzoate and benzene for clearing. The tissues were then treated with paraffin wax at 708C for 60 min three times, and embedded in clean paraffin wax on ice. The embedded tissue was sliced with a microtome (CX41; Leica) at a thickness of 6 lm and placed on a glass slide with water.
The paraffin sections were rehydrated gradually in 100% xylene, and 100%, 95%, 90%, 80%, and 70% ethanol. They were then washed with PBS, and stained by hematoxylin followed by eosin. The sections were washed consecutively in 100% ethanol and 100% xylene, mounted in MOUNT-QUICK (DAI; DM-01), and observed by an upright microscope (BX53; Olympus) equipped with a cooled CCD camera (DP70; Olympus).
To quantify the numbers of seminiferous tubules devoid of spermatogenesis or the ovarian follicles, the entire testes or ovaries were serially sectioned, and each section (6-lm thickness) was collected and mounted on 1 of the 15 slides consecutively, so that one slide mounts sections of a gonad separated by 90 lm from each other. The numbers of the seminiferous tubules devoid of spermatogenesis or the ovarian follicles in all the sections on one slide were counted by microscopic observation, and the average numbers per section were calculated. Statistical analyses were performed with Excel.
Isolation of RNA from PGCs, Quantitative PCR, and RNA Sequencing Analysis The isolated RNAs (four biological replicates both for the control and the Prdm1 CKO PGCs), as well as the RNAs purified from wild-type germ cells at E10.5, E11.5, and E13.5 (the male and female germ cells were isolated separately) [25] , were amplified as described previously [26] and subjected to quantitative (Q)-PCR or RNA sequencing (RNA-seq) analysis (GEO accession number: GSE74094).
Q-PCR was performed with Power SYBR Green Master Mix (product no. 4367659; Applied Biosystems) using a real-time Q-PCR system (product no. CFX384; Bio-Rad). The primer sequences used in this study are listed in Supplemental Table S1 (all Supplemental Data are available online at www. biolreprod.org). The expression level of each gene was normalized relative to the average expression value of Arbp and Ppia, as described previously [27] .
Analysis of Differentially Expressed Genes
The read tags obtained from the RNA-seq were mapped onto the genome sequence of the mouse (mm10) and annotated to genes as described previously [26] . The read densities (reads per million reads [RPM]) were converted to the log 2 (RPM þ 1) scale (log 2 expression level), and averaged among the biological replicates. We defined differentially expressed genes as follows: 1) averaged log 2 expression levels either in the control or the Prdm1 CKO PGCs ! 2.5 and 2) difference of the averaged log 2 expression levels between the control and the Prdm1 CKO PGCs ! 1. We identified 183 and 20 genes that were up-or down-regulated, respectively, in Prdm1 CKO PGCs. Genes up-regulated in Prdm1 CKO PGCs were analyzed for the enrichment of functional categories in the Gene Ontology (GO) database [28] using the DAVID tool [29, 30] . The GO biological processes terms with P values , 0.1 were classified into simplified categories using the GO terms classifications counter [31] .
Comparison of Genes Regulated by PRDM1 in Migrating and/or Gonadal PGCs with Those upon PGC Specification
The single-cell microarray data for Prdm1 KO PGCs at the late streak (LS)/ no allantoic bud (0B) and the early/midallantoic bud (E/MB) stages (GSE11128) [18] were obtained from the National Center for Biotechnology Information (NCBI) database, and transformed into log 2 expression levels using the dChip software [32] with the perfect match and mismatch difference mode with normalization using the invariant set, which were averaged among the single-cell biological replicates. Genes that met the following criteria were defined as differentially expressed between wild-type and Prdm1 KO PGCs at the LS/0B and E/MB stages: 1) log 2 expression levels either in the wild-type or Prdm1 KO PGCs ! 6 and 2) difference of log 2 expression levels between the wild-type and Prdm1 KO PGCs ! 1. For genes with multiple probes annotated, the probes with the highest expression values were selected. GO analyses were performed for the differentially expressed genes at the LS/0B and E/MB stages overlapped with those between the E11.5 control and Prdm1 CKO PGCs.
Analysis of the Enrichment of H3K27me3 in Genes Regulated by PRDM1 in Migrating and/or Gonadal PGCs
The ChIP-seq data of H3K27me3 in E11.5 PGCs were obtained from the NCBI database (GSE46396) [33] , and analyzed as described previously [24] . The immunoprecipitate/input ratio of the read densities (H3K27me3 levels) around transcription start sites (TSSs) (within 1 kb) were calculated for each gene. The distribution of genes with log 2 -transformed H3K27me3 levels was determined with an interval of 0.5. The promoter classes (low, intermediate, and high CpG density promoters [LCPs, ICPs, and HCPs, respectively]) were defined as described previously [34] .
Gene Set Enrichment Analysis
The ChIP-seq data of PRDM1 in the Day 6 PGC-like cells (PGCLCs) induced from embryonic stem cells (ESCs) were obtained from the NCBI database (GSE60204) [24] and analyzed for PRDM1 binding sites around genes (within 15 kb from TSSs), as described previously [24] . To identify the genes bound by PRDM1 among genes up-or down-regulated in the Prdm1 CKO PGCs, we performed gene set enrichment analysis (GSEA) using the Java GSEA Desktop Application (Broad Institute) [35] with 3816 genes with PRDM1 binding sites as a gene set. The genes were sorted by the difference in the average expression value between the control and Prdm1 CKO PGCs with enrichment scores.
RESULTS
A Strategy for CKO of Prdm1 in PGCs
We first went on to validate the expression of PRDM1 in PGCs colonized in embryonic gonads after E11.5 by immunofluorescence (IF) analysis using an anti-PRDM1 antibody. We detected PRDM1 in essentially all DDX4 (þ) PGCs both in males and females until E12.5 ( Fig. 1, B and C) . In male germ cells, PRDM1 expression waned progressively from E13.5 onward, and, at E15.5, a majority of male germ cells lacked PRDM1 (Fig. 1, B and C) . In contrast, in a majority of female germ cells, PRDM1 expression became undetectable abruptly between E12.5 and E13.5 ( Fig. 1, B and C). During the developmental period that we analyzed, PRDM1 was detected only in the nuclei, but not in the cytoplasm, of DDX4 (þ) germ cells. We obtained essentially identical results using the EGFP-PRDM1 knockin mice (Fig.  1D ) [24] . We did not detect Prdm1 expression in germ cells YAMASHIRO ET AL. either in males or females after birth (data not shown). These findings are consistent with previous reports [20, 21] , and define the periods of potential involvement of PRDM1 in germ cell development.
To explore the function of PRDM1 in PGCs after their specification, we established the male line bearing the Dppa3-MCMP Tg/0 ; Prdm1 flox/flox alleles [13, 22] and the female line bearing the Rosa26 neo-EYFP/neo-EYFP ; Prdm1 flox/flox alleles [23] . The Prdm1-floxed allele bears loxP sites flanking the exon 5 of the Prdm1 gene [13] , and the Rosa26-neo-EYFP allele harbors a floxed pgk-neo-poly (A) sequence followed by the EYFP under the control of the constitutively active Rosa26 locus [23] . We crossed the mice described above to obtain embryos bearing the Dppa3-MCMP Tg/0 ; Prdm1 flox/flox ; Rosa26 neo-EYFP/þ alleles ( Fig. 1E) (Fig. 1E) . The PGCs in the latter controls, upon 4-OHT administration, should become EYFP (þ) at a given efficiency.
To determine the efficiency of Prdm1 CKO in our experimental settings, we administered 4-OHT at 9.5, 10.5, or 11.5 dpc to pregnant females with appropriate crosses, and examined the expression of EYFP and PRDM1 in DDX4 (þ) PGCs 1 or 2 days later. As shown in Figure 1 , F and G, we detected EYFP expression specifically in around 40%-60% of DDX4 (þ) PGCs in both the control and Prdm1 CKO embryos, whereas we found depletion of PRDM1 expression in PGCs exclusively in Prdm1 CKO embryos. Irrespective of the timing of 4-OHT administration, more than 90% of DDX4 (þ) or EYFP (þ) PGCs lost PRDM1 expression in Prdm1 CKO embryos (Fig. 1, F and G) . These findings indicate that MCMP excises the floxed sites more efficiently in the Prdm1 alleles than in the Rosa26 alleles. Thus, the Dppa3-MCMP transgenes efficiently eliminate Prdm1 expression specifically in PGCs as early as 1 day after 4-OHT administrations during E9.5-E11.5.
Prdm1 CKO in PGCs at E9.5 or E10.5
Using the strategy described above, we set out to precisely determine the consequences of the Prdm1 KO at different time points, beginning with E9.5 or E10.5. When Prdm1 was knocked out at E9.5 or E10.5 (with Dppa3-MCMP Tg/0 ; Prdm1 flox/flox ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations), compared to the controls (with Dppa3-MCMP Tg/0 ; Prdm1 flox/þ ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations), the numbers of the EYFP (þ) PGCs did not appear to change significantly 2 days later (E11.5 or E12.5), but were drastically reduced 3 days later (E12.5 or E13.5) (Fig. 2A) . We counted the numbers of DDX4 (þ) PGCs per section of the embryonic gonads in the control and Prdm1 CKO embryos, which revealed that they were indeed reduced significantly, both in males and females in the Prdm1 CKO embryos, 3 days after the KO (Fig. 2, B and C) .
To explore the basis for the reduced numbers of PGCs in Prdm1 CKO embryos, we examined the occurrence of apoptosis in Prdm1 CKO embryos. As shown in Figure 2 , D and E, compared to the control PGCs, the PGCs depleted of PRDM1 at E10.5 showed a significantly increased positivity for cleaved caspase-3 as well as for phosphorylated p53, two typical markers for apoptosis [36, 37] 
at E10.5 leads to their apoptosis. Thus, Prdm1 is essential for the survival of PGCs at E10.5 and, most likely, at E9.5.
Prdm1 CKO in Male PGCs at E11.5
We next evaluated the effects of the Prdm1 KO at E11.5 on male germ cell development. When Prdm1 was knocked out at E11.5, compared to the controls, the numbers of the EYFP (þ) male germ cells were reduced dramatically after E14.5 (Fig.  3A) . Consistently, the IF analysis of the numbers of DDX4 (þ) male germ cells revealed that the reduction of their numbers became apparent after E13.5, and became significant at E14.5 (Fig. 3, B and C) . In agreement with the analysis of Prdm1 CKO at E9.5 or E10.5, compared to the controls, the DDX4 (þ) male germ cells depleted of Prdm1 at E11.5 exhibited higher ratios of apoptosis as early as E12.5 and at E13.5 (Fig.  3D) .
Since PRDM1 regulated genes involved in cell cycle control [18] , we evaluated whether male germ cells lacking Prdm1 at E11.5 successfully enter into mitotic arrest [7, 8] by examining the expression of Ki-67, which shows positivity in essentially all mitotic cells, but becomes negative in cells arrested at the G0 stage [38, 39] . As shown in Figure 3E , in control embryos, around 80% of male germ cells were positive for Ki-67 at E12.5. The percentage of Ki-67 (þ) male germ cells decreased to around 40% at E13.5, and less than 10% of male germ cells were Ki-67 (þ) at E14.5 (Fig. 3E ), indicating that a majority of male germ cells are in mitotic arrest by E14.5. Interestingly, in Prdm1 CKO embryos, we obtained essentially indistinguishable results (Fig. 3E) . Considering that around 90% of germ cells are depleted of Prdm1 and around 80% and 70% of male germ cells remained at E12.5 and E13.5, respectively, under our experimental settings (Fig. 1, G and C) , these findings suggest that PRDM1 is not involved in the mitotic arrest of male germ cells.
Prdm1 CKO in Female PGCs at E11.5
We next examined the effects of the Prdm1 CKO at E11.5 on female germ cell development. Compared to the controls, we did not find a major difference in the numbers of the EYFP (þ) female germ cells in Prdm1 CKO embryos until E16.5 (Fig. 4A) . However, we did find a dramatic decrease in the numbers of EYFP (þ) germ cells in Prdm1 CKO embryos after E17.5 (Fig. 4A) . In good agreement with this result, the IF analyses of the numbers of DDX4 (þ) germ cells revealed that the Prdm1 CKO embryos and controls had similar numbers of germ cells until E16.5, but then the number of germ cells in Prdm1 CKO embryos became drastically reduced, both at E17.5 and at E18.5 (Fig. 4, B and C) . We found that both the control and Prdm1 CKO embryos exhibited only a low ratio (;1%) of apoptotic germ cells at E15.5, but the CKO embryos showed a highly elevated level (;7%) of apoptotic germ cells at E16.5 (Fig. 4D ), 1 day earlier than the drastic decrease of the germ cell number in the CKO embryos.
Female germ cells enter into the prophase of the first meiotic division at around E13.5, and reach the diplotene stage at around birth [9, 40] . We therefore examined the progression of the prophase of first meiotic division in Prdm1 CKO female germ cells and in their littermate controls. As shown in Figure 4E , preparation of the germ cell spreads, followed by the IF analysis for cH2AX and SCP3, markers for double-strand break (DSB) and synaptonemal complex formation, respectively [41, 42] , PRDM1 FUNCTION IN MIGRATING/GONADAL PGCs clearly distinguished four key stages of the meiotic prophase (the leptotene, zygotene, pachytene, and diplotene stages). Consistent with previous reports [43, 44] , at E16.5, female germ cells in the control ovaries were at the leptotene (;20%), zygotene (;50%), or pachytene (;30%) stage, with no cells yet reaching the diplotene stage (Fig. 4F) . At E17.5, the distribution pattern in the meiotic prophase of female germ cells in control ovaries was similar to that at E16.5, except that some cells (;5%) were at the diplotene stage (Fig. 4F) . We found that female germ cells depleted of Prdm1 at E11.5 progressed into the meiotic prophase following a dynamic similar to that of control germ cells (Fig.  4F) . However, we noted that female germ cells depleted of ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations) embryos administered 4-OHT and analyzed as shown (top). After E12.5, the data in males and females are shown separately. Bar ¼ 500 lm. B, a and b) Representative images of the IF analyses of the expression of EYFP (green) and DDX4 (red) merged with DAPI (white) in gonads prepared and isolated as described in A. Bar ¼ 20 lm. C, a and b) The numbers of DDX4 (þ) PGCs per section in gonads prepared and isolated as described in A (see Materials and Methods). The average (SD) numbers are shown. The numbers of the gonads analyzed are shown. *P , 0.05; **P , 0.005; no asterisk, not significant (Student t-test). D and E) Left: representative images of the IF analyses of the expression of DDX4 (cyan) and cleaved caspase-3 (magenta) (D) or phosphorylated p53 (E) in gonads at E12.5 prepared and isolated as described in A, b. Merged images with DAPI (white) are shown on the right. Bar ¼ 50 lm. Right: the percentages of cleaved caspase-3 (þ) (D) or phosphorylated p53 (þ) (E) cells/DDX4 (þ) cells in gonads isolated as described in A, b. Each circle represents the percentage for one analysis and the bars represent the averages (see Materials and Methods). The numbers of the gonads analyzed are shown. *P , 0.05; **P , 0.005; no asterisk, not significant (Student t-test).
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Prdm1 at E11.5 exhibited an aberrant phenotype (i.e., persistence of the cH2AX (þ) DSBs in chromosomes with a pachytene stage-like structure; Fig. 4G ) at a significantly higher ratio than the control germ cells (Fig. 4G) . These findings indicate that the loss of Prdm1 in PGCs at E11.5 does not impair the entry of germ cells into the meiotic prophase, but leads to an aberrant pachytene phenotype, presumably due to the defects (i.e., gene expression and epigenetic properties) at early stages (E11.5;E12.5; see below), resulting in a dramatic apoptosis of germ cells at around E16.5. (Student t-test) . The ratio of cleaved caspase-3 (þ) germ cells in the controls was consistent with that in a previous report [60] . E) Left: representative images of the IF analyses of the expression of Ki-67 (magenta) and DDX4 (cyan) merged with DAPI (white) in the testes of the control and CKO embryos prepared and isolated as described in A. Bar ¼ 20 lm. Right: the percentages of Ki-67 (þ) cells/DDX4 (þ) cells in the testes of the control and CKO embryos prepared and isolated as described in A (see Materials and Methods). The average (SD) numbers and the numbers of the testes analyzed are shown. The differences between the controls and the CKOs were not statistically significant (Student t-test). Bar ¼ 20 lm. 
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Recovery of Germ Cell Numbers and Fertility by Remaining Germ Cells in Prdm1 CKO Mice
We next went on to determine the long-term effect on germ cell development of Prdm1 CKO at different embryonic stages. We first evaluated the effect in males. We administered 4-OHT at 9.5 or 11.5 dpc to pregnant females with appropriate mating (Rosa26 neo-EYFP/neo-EYFP ; Prdm1 flox/flox females mated with Dppa3-MCMP Tg/0 ; Prdm1 flox/flox males), and analyzed their male embryos at E18.5, a stage at which male germ cells are in mitotic arrest, and their male offspring at 6 wk after birth.
As shown in Figure 5A , both the testes in which Prdm1 was eliminated (with Dppa3-MCMP Tg/0 ; Prdm1 flox/flox ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations) at E9.5 and those in which Prdm1 was eliminated at E11.5 showed highly reduced numbers of EYFP (þ) germ cells at E18.5. The numbers of DDX4 (þ) germ cells were also reduced in Prdm1 CKO testes, although the difference of germ cell numbers between Prdm1 CKO at E9.5 and the controls appeared smaller (Fig. 5, B-D) . Consistent with the highly reduced numbers of EYFP (þ) germ cells in Prdm1 CKO embryos (Fig. 5, A and C) , the ratios of EYFP (þ) cells/DDX4 (þ) cells were smaller in Prdm1 CKO embryos than in controls, suggesting a preferential elimination of Prdm1 CKO germ cells and a preferential survival and/or proliferation of unrecombined germ cells in Prdm1 CKO embryos by E18.5.
Notably, male offspring in which a majority of germ cells had been depleted of Prdm1 at E9.5 (Fig. 1, F and G, and Fig.  2A ) did not go on to show abnormalities in the gross appearance or histology of the testes at 6 wk after birth (Fig.  5, E, F, and H) . In contrast, the testes of 6-wk-old males in which Prdm1 was deleted at E11.5 exhibited numerous seminiferous tubules devoid of spermatogenesis (Fig. 5, E, F , and H), indicating that, unlike the PGCs that escaped from the MCMP-mediated Prdm1 CKO (;10%) at E9.5, those escaping at E11.5 (;10%) were not capable of fully recovering normal germ cell pools by 6 wk after birth. We also identified several seminiferous tubules with spermatogonia only, or with the spermatogenesis being progressed until around the pachytene stage of the first meiotic prophase (Fig. 5G) . These tubules might be representative of tubules in the middle of recovering spermatogenesis. Consistently, the testis of an E11.5 Prdm1 CKO male exhibited histologically fully recovered spermatogenesis at 20 wk after birth (Fig. 5F) . Furthermore, E11.5 Prdm1 CKO males older than 8 wk showed apparently normal fertility (Fig. 5I) . Thus, males with Prdm1 CKO at E11.5 also eventually fully recover spermatogenesis.
Next, to evaluate the effect in females, we administered 4-OHT at 9.5 or 11.5 dpc to pregnant females with appropriate mating (Rosa26 neo-EYFP/neo-EYFP ; Prdm1 flox/flox females mated with Dppa3-MCMP Tg/0 ; Prdm1 flox/flox males) and analyzed their female embryos at E18.5, a stage at which female germ cells are in meiotic arrest, and their female offspring at 4 wk after birth (Fig. 5J) . We found that Prdm1 CKO both at E9.5 (Fig. 5, K and L) .
Unexpectedly, the CKO ovaries of 4-wk-old mice exhibited a grossly normal histological appearance (Fig. 5, M and N) . However, counting the numbers of the ovarian follicles (for Prdm1 CKO at E9.5: control, 2; CKO, 3; and for Prdm1 CKO at E11.5: control, 3; CKO, 6) revealed that, compared to the control ovaries, the CKO ovaries contained a reduced number of primordial follicles (statistically significant for Prdm1 CKO at E11.5; Fig. 5O ), although they exhibited apparently normal numbers of primary, secondary and Graafian follicles (considering one outlier in the controls for Prdm1 CKO at E9.5; Fig.  5O ). These findings suggest that the Prdm1 CKO in female PGCs by our system leads to a reduced pool of primordial follicles in the adult mice (see Discussion).
Prdm1 appeared to be dispensable for germ cell development after E13.5, since both testes and ovaries in which Prdm1 was eliminated (with Dppa3-MCMP Tg/0 ; Prdm1 flox/flox ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations) at E13.5 showed high numbers of EYFP (þ) germ cells at E18.5, which were comparable to those of the control testes and ovaries (with Dppa3-MCMP Tg/0 ; Prdm1 flox/þ ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations) (Fig. 5A) .
Targets of PRDM1 in Migrating and/or Gonadal PGCs
We next went on to identify genes regulated by PRDM1 in migrating and/or gonadal PGCs. For this purpose, we administered 4-OHT at 10.5 dpc to pregnant females with appropriate mating (Rosa26 neo-EYFP/neo-EYFP ; Prdm1 flox/flox females mated with Dppa3-MCMP TG/0 ; Prdm1 flox/flox males), isolated EYFP-and SSEA1 (þ) PGCs at E11.5, more than 90% of which were devoid of the Prdm1 gene (Fig. 1G) , by FACS, and compared their gene expression with that of control SSEA1 (þ) PGCs (with Dppa3-MCMP 0/0 ; Prdm1 flox/flox ; Rosa26 neo-EYFP/þ alleles before 4-OHT administrations; Fig. 1E ) by an RNA-seq methodology [26] . We reasoned that the identification of genes that show differential expression as early as 1 day after the deletion of the Prdm1 gene would illuminate the direct targets of PRDM1. We found that 183 and 20 genes were upand down-regulated, respectively, in Prdm1 CKO PGCs (Fig.  6 , A and B, Supplemental Table S2 ). The up-regulation of a number of genes was confirmed by Q-PCR (Fig. 6C) . The expression of key pluripotency genes, such as Pou5f1 and Nanog, and key PGC specification genes Prdm14 and Tfap2c appeared normal in Prdm1 CKO PGCs (Fig. 6C) , suggesting that these genes may not be the direct targets of PRDM1. The finding that the number of up-regulated genes was much higher than the number of down-regulated genes indicates that PRDM1 functions mainly as a transcriptional repressor in migrating and/or gonadal PGCs.
The genes up-regulated in Prdm1 CKO PGCs (i.e., the genes normally repressed by PRDM1) were enriched with those bearing GO functional terms, such as ''developmental process'' (including ''embryonic morphogenesis'' [Fgf4, Otx2, 3 circle represents the percentage for one analysis and the bars represent the averages (see Materials and Methods). The numbers of the gonads analyzed are shown. *P , 0.005; no asterisk, not significant (Student t-test). E) Representative images of the spreads of oogonia at E16.5-E18.5 stained by cH2AX (red) and SCP3 (green) and classified as those in the leptotene, zygotene, pachytene, and diplotene stages. F) Box plots of the percentages of oogonia at the indicated stages of the meiotic prophase in the Prdm1 CKO and their littermate control ovaries prepared and isolated as described in A. The median (horizontal line), the 25th and 75th percentiles (box), and the maximum and minimum (bars) are shown. The differences between the controls and the CKOs were not statistically significant (Student t-test) . G) Representative images of aberrant pachytene oogonia bearing thick synaptonemal complexes stained by SCP3 (green), yet still with widespread cH2AX positivity (red). H) The percentages of oogonia showing an aberrant pachytene phenotype in the control and Prdm1 CKO ovaries at E16.5 prepared and isolated as described in A. Each circle represents the percentage for one analysis and the bars represent the averages. The numbers of the gonads analyzed are shown. *P , 0.005 (Mann-Whitney U test). Tdgf1, Crabp2, etc.], ''tissue morphogenesis'' [Tgif1, Klf4, Bmp4, Esr1, Fst, etc.], and ''tube morphogenesis'' [Nf1b, Spry2, Cxcl12, etc.]), ''metabolism,'' and ''cell proliferation'' (Fig. 6D) . Consistent with the finding that Prdm1 CKO PGCs were eliminated by apoptosis (Fig. 2, D and E) , the upregulated genes included those related to apoptosis, such as Bak1, Bcl2l14, Gadd45g, and Pmaip1 (Noxa) (Fig. 6B) . We also noted that genes up-regulated in male germ cells from around E13.5, including Tdgf1 (Cripto), Otx2, Tgif1, and Nmi, were prematurely up-regulated in Prdm1 CKO PGCs (Fig. 6 , B and C). Indeed, we found that the genes up-regulated in Prdm1 CKO PGCs exhibited a highly significant enrichment (P ¼ 1.8 3 10 À36 , chi-square test) among genes up-regulated in E13.5 male germ cells compared to E11.5 PGCs (Fig. 6E) . In contrast, we did not detect premature up-regulation of genes involved in the prophase of the meiotic division in Prdm1 CKO PGCs (Fig. 6, A and B, Supplemental Table S2 ). Thus, PRDM1 plays a key role in migrating and/or gonadal PGCs for the repression of developmental regulators, genes for apoptosis, and a program for male germ cell differentiation.
PRDM1 FUNCTION IN MIGRATING/GONADAL PGCs
We next compared the genes up-or down-regulated in the Prdm1 CKO PGCs with those up-or down-regulated in the Prdm1 KO PGCs at around the time of their specification [18] (see Materials And Methods). As shown in Figure 6F , only around 20% and 30% of the genes up-regulated in the Prdm1 KO PGCs at the LS/0B stages and the E/MB stages, respectively, were overlapped with those up-regulated in the Prdm1 CKO PGCs, and only 5% and 15% of the genes downregulated in the Prdm1 KO PGCs at the LS/0B stages and E/ MB stages, respectively, were overlapped with those downregulated in the Prdm1 CKO PGCs. This finding indicates that a majority of the key PRDM1 targets in migrating and/or gonadal PGCs are different from the PRDM1 targets in PGCs upon their specification.
We examined whether the genes up-or down-regulated in the Prdm1 CKO PGCs were those bound by PRDM1. Importantly, GSEA [35] revealed that the genes up-regulated, but not those down-regulated, in the Prdm1 CKO PGCs were highly enriched with those bound by PRDM1 (,15 kb from the TSSs) in PGCLCs induced from ESCs (Fig. 6G) [24, 45] . Moreover, we found that the genes up-regulated in the Prdm1 CKO PGCs were deposited, in their vicinity, by a high level of H3K27me3, a repressive histone modification conferred by polycomb repressive complex 2 (PRC2) (Fig. 6H) [24, 33, 46, 47] . These findings are consistent with the idea that PRDM1 represses its target genes by binding to and recruiting H3K27me3 around their regulatory regions in migrating and/ or gonadal PGCs.
DISCUSSION
Our study has demonstrated efficient, specific, and tightly controlled recombination activities of the Dppa3-MCMP lines in migrating and/or gonadal PGCs, allowing, in combination with the Rosa26 neo-EYFP/þ allele, systematic analysis of the function of relevant genes in migrating and/or gonadal PGCs. We have shown here that PRDM1, a TF critical for PGC specification and expressed throughout PGC development, plays a key role in the maintenance/proper development of migrating, as well as gonadal, PGCs. In the absence of PRDM1, migrating PGCs at E9.5 or E10.5, as well as both male and female gonadal PGCs at E11.5, deregulated their transcriptional program and were eventually eliminated by apoptosis (Figs. 2-4) . Thus, PRDM1 is a TF persistently required for the entire process of PGC development (Fig. 6I) .
The role of PRDM1 as a robust transcriptional repressor for a somatic mesodermal program elicited by the BMP4 and WNT3 signaling upon PGC specification has been well documented [13, [16] [17] [18] , although the underlying mechanism remains to be elucidated. We demonstrated that genes immediately derepressed by the loss of PRDM1 in migrating and/or gonadal PGCs show only a modest overlap with those derepressed by PRDM1 deficiency upon PGC specification (Fig. 6) , indicating that key targets of PRDM1 for repression are altered during PGC development. Considering that PRDM1 appears to recruit H3K27me3 to the region around its target genes [24] , a majority of key PRDM1 targets upon PGC specification might be repressed in a relatively stable manner by H3K27me3 at later stages, and may not require PRDM1 for the maintenance of their repressed states, a possibility that requires experimental validation. In this regard, it has been shown that disruption of PRC1, which represses gene expression cooperatively with PRC2 [46, 47] , in PGCs leads to premature up-regulation of genes involved in meiosis [48] . While we did not detect premature up-regulation of genes for meiosis in Prdm1 CKO PGCs, we did observe premature upregulation of genes involved in male germ cell differentiation, including Tdgf1 (Cripto), Otx2, Tgif1, and Nmi, in Prdm1 CKO PGCs (Fig. 6) . Thus, PGCs appear to exploit a number of perhaps partly overlapping mechanisms to appropriately repress somatic differentiation and premature activation of either the spermatogonial or oogonial differentiation pathways, while maintaining and/or developing the competence for the latter pathways.
The three TFs, PRDM1, PRDM14, and TFAP2C, create a transcriptional program for PGC development and contribute to the reacquisition of a transcriptional circuitry by the core TFs for pluripotency, POU5F1, SOX2, and NANOG [49] . The precise regulatory relationship between the key TFs for PGC specification and the core TFs for pluripotency in PGCs remains unknown and warrants careful investigation. However, it is noteworthy that the loss of PRDM14 in ESCs leads to a propensity for differentiation [50, 51] , that POU5F1 and SOX2 are essential for PGC specification [52, 53] , and that POU5F1 and NANOG are required for the survival of migrating and/or gonadal PGCs. In the absence of Pou5f1 or Nanog, migrating and/or gonadal PGCs are eliminated by apoptosis [54, 55] . It therefore appears that, in general, the loss of key TFs in preimplantation embryos and/or ESCs leads to differentiation, the loss of key TFs upon PGC specification leads to failures in acquiring the PGC properties, and the loss of key TFs in migrating and/or gonadal PGCs leads to apoptosis, but not readily to dedifferentiation into ESC-like cells or to transdifferentiation. The propensity of PGCs to undergo apoptosis upon perturbation of their transcriptional circuitry may be part of a key mechanism by which PGCs are thought to prevent the formation of deleterious teratomas [56, 57] . In this regard, it would be interesting to explore the roles of PRDM14 and TFAP2C in migrating and/or gonadal PGCs.
On the other hand, consistent with a previous study [58] , our study has shown a robust compensatory growth of germ cells that survived a transcriptional perturbation by the loss of PRDM1, particularly in males (Fig. 6 ). There appears to be a discrepancy between the remaining germ cell numbers at E12.5 or E13.5 (Prdm1 CKO at E9.5: ;10/section at E12.5; Prdm1 CKO at E11.5: ;40/section at E13.5; Figs. 2C and 3C ) and the better recovery of germ cells in E9.5 Prdm1 CKO males. However, unlike the germ cells at E12.5 or E13.5 in E9.5 Prdm1 CKO males, those in E11.5 Prdm1 CKO males were observed only 2 days after the Prdm1 CKO, and we assume that many of them were yet to undergo apoptosis, and would be eliminated later, perhaps even after the resumption of mitosis after birth, which would provide a reasonable explanation of the phenotypes in the adult males.
We also noted that, despite the large difference in germ cell numbers at E18.5 between Prdm1 CKO females and the controls (Prdm1 CKO/control, ;1/3), the differences in the numbers of oocytes between Prdm1 CKO females and the controls were observed only in primordial follicles, and this difference (statistically significant for Prdm1 CKO at E11.5) was also relatively small (Fig. 5O) . Although the precise mechanism is unclear, this may have been due to a massive apoptosis of oocytes in perinatal ovaries (;70%-80% of the oocytes are eliminated by apoptosis perinatally) [59] , which made the numbers of surviving oocytes somewhat similar between the Prdm1 CKO and the control ovaries.
The powerful activity of the PGCs for the compensatory growth in vivo would be critical for ensuring the reproductive fitness of a given species, while their facility for elimination by apoptosis upon intrinsic transcriptional abnormalities would be beneficial for the escape from a diseased state. Understanding of the mechanism for the robust growth of migrating and/or gonadal PGCs and for the escape from apoptosis will be critical to identifying the proper conditions for propagating PGCs in vitro, which remains one of the critical challenges in reproductive biology. Our present study has revealed a key role played by PRDM1 in both processes, and should therefore serve as a foundation for such exploration.
